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^ \ Abstract 

' ,— i 1 We study the doubly charmful two-body and three-body baryonic B decays B — ► A+A~ and — > 
A+A~-K\ As pointed out before, a naive estimate of the branching ratio 0(1O~ 8 ) for the latter decay 

Q_i' 

■ is too small by three to four orders of magnitude compared to experiment. Previously, it has been 



shown that a large enhancement for the A+A c K production can occur due to a charmonium-like 



£N| ■ resonance (e.g. A (4630) discovered by Belle) with a mass near the A C A C threshold. Motivated by the 

>' 

' BaBar's observation of a resonance in the A C K system with a mass of order 2930 MeV, we study in 

| this work the contribution to B — > A+A~K from the intermediate state H c (2980) which is postulated 

to be a first positive-parity excited D-wave charmed baryon state. Assuming that a soft qq quark 
(N ■ _ 

pair is produced through the a and 7r meson exchanges in the configuration for B — > H C (2980)A C and 

A C A C , it is found that branching ratios of B — > AfA~K and B — > A+A~ are of order 3.5 x 10~ 4 and 

5 x 10~ 5 , respectively, in agreement with experiment except that the prediction for the AcAcA'" is 

slightly smaller. In conjunction with our previous analysis, we conclude that the enormously large 

h ; _ 

5t , rate of B — > A^"A C K arises from the resonances H c (2980) and AT(4630). 
PACS numbers: 13.25.Hw, 14.40.Nd 
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I. INTRODUCTION 



There are several unique features in baryonic B decays. First, a peak near the threshold area 
of the dibaryon invariant mass spectrum has been observed in many baryonic B decays. Second, 
three-body decays usually have rates larger than their two-body counterparts; that is, B(B — > 
BB'M) ^> BiB — > BB'). This phenomenon can be understood in terms of the threshold 
effect, namely, the invariant mass of the dibaryon is preferred to be close to the threshold. The 
configuration of the two-body decay B — > BB' is not favorable since its invariant mass is m#. In 
B — > BB'M decays, the effective mass of the baryon pair is reduced as the emitted meson can 
carry away much energy. The low mass threshold effect can be understood in terms of a simple 
short-distance picture For singly charmful baryonic B decays, experimentally we have 
B(B~ -> A+ptt-it ) > B{B~ -> A+P7T") > B(B° -> A+p) Q, 3 and B(B° -> D^+n~pp) > 
B(B° — > D(*>°pp) [4]. Therefore, we have a pattern like 

B(B -> B (c) B'MM') > B(B -> B (c) B'M) > B(fl -> B (c) B') , (1) 

where B c denotes a charmed baryon. 

The experimental measurements for doubly charmful B decays are summarized in Table [H 
For B — > S C A C decays, we extract their branching ratios using £>(S° — > S _ 7r + ) = 1.3% and 
B(E+ -> S-7T+7T+) = 3.9% 0,3, respectively, 

B(B~ -> E° C A-) = (2.0 ± 0.61^) x 10~ 3 (average of BaBar and Belle) , 
B(B° -> H+A c -) = (3.8 ± 3.1+ID x 1(T 4 < 1.4 x 10" 3 (BaBar), 

= (2.4 ± 1.2^|) x 10" 3 (Belle) , (2) 

where the second errors originate from the uncertainties in B(E® — > H _ 7r + ) ranging from 0.83% 
to 1.74% and B(E+ -> E~tt + ti + ) from 1.2% to 10.1% Q. Theoretically, it is expected that the 
charged and neutral S decays to S C A C should have similar rates. Experimentally, this feature 
should be tested by the forthcoming measurements. Since B[B — > A c p) »2x 10~ 5 3]], we have 
another pattern 

B(B -> B C B;) ~ 10~ 3 > B(B -> B C B') ~ 10" 5 > B(5 -> BB') < 10~ 7 (3) 

for two-body baryonic i? decays. 

Since the doubly charmed baryonic decay B — > H C A C proceeds via — > esc, while -B — > A c p 
via a t -> cc/m quark transition, the CKM mixing angles for them are the same in magnitude 
but opposite in sign. One may wonder why the B C B^, mode has a rate two orders of magnitude 
larger than B C B. According to the conjecture made by Hou and Soni [ll|, one has to reduce 
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TABLE I: Branching ratios of doubly charmful two-body (in units of 10 5 ) and three-body (in units 



of 10 4 ) baryonic B decays. 


Decay 


BaBar [5] 


Belle [6, 7] 


B~ - H°(- H-vr+)A 6 7 
B°-S+(-S-7r+7r+)Aj 
B° - A+A- 


2.08 ±0.65 ±0.29 ±0.54 

1.50 ± 1.07 ±0.20 ±0.39 < 5.6 


4.8lJ;g ± 1.1 ± 1.2 
9.3l|£ ± 1.9 ± 2.4 
2.2± 2 ; 2 ± 1.3 < 6 .2 


B" -> A+A-A— 
B° - A+A~ A° 


11.4 ±1.5 ±1.7 ±6.0 
3.8 ±3.1 ±0.5 ±2.0 < 15 


6.5±ol9 ± 1.1 ± 3.4 
7.9l|;| ± 1.2 ±4.1 



the energy release and at the same time allow for baryonic ingredients to be present in the final 
state in order to have larger baryonic B decays. Hence, it is expected that 

T(B -> BxB 2 ) = |CKM| 2 //(energy release) = |CKM| 2 /(Q value), (4) 

where CKM stands for the relevant CKM angles. For charmful modes, one will expect 

B(B° — > App) = \V u d/V cs \ 2 B(B° — > 5+A~) (dynamical suppression), (5) 

where the dynamical suppression arises from the larger energy release in A+p than in S C A C . This 
is because no hard gluon is needed to produce the energetic S C A C pair in the latter decay, while 



two hard gluons are needed for the former process [s]. Therefore, A c p is suppressed relative to 
S C A C due to a dynamical suppression from O{o^) ~ 10~ 2 . These qualitative statements have 
been confirmed by the realistic calculations of B — > H C A C in and B — > A c p in [3] . 

For B° — > A+A~, we expect a branching ratio of order 10~ 5 from the estimate of B(B° — > 
A+A~) ~ \V cd /V cs \ 2 B(B° H+A~) and from \V cd /V ud \ 2 B(B° -> A c p)/ (dynamical suppression). 
Hence, the expected branching ratio obtained from the naive extrapolation from B(B° — > S+A~) 
and from B(B° — > A c p) is in accordance with experiment. 

The three-body doubly charmed baryonic decay B — > A C A C A^ has been observed at B facto- 
ries with the branching ratio of order (10~ 3 — 10~ 4 ) Since this mode is color-suppressed 
and its phase space is highly suppressed, the naive estimate of B(B — > A C A C K) ~ 10~ 8 from 
Fig. Ufa) is too small by three to four orders of magnitude compared to experiment. It was orig- 
inally conjectured in [8| that the great suppression for the A ( tA~A > production can be alleviated 
provided that there exists a hidden charm bound state X cS with a mass near the A C A C threshold 
[see Fig. QJb)], of order 4.6 ~ 4.7 GeV. This possibility is motivated by the observation of many 
new charmonium-like resonances with masses around 4 GeV starting with X(3872) and so far 
ending with Z(4430) by BaBar and Belle. This new state that couples strongly to the charmed 
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B 




FIG. 1: B~ — > A + A~K~ as proceeding through (a) the internal W-emission diagram, (b) the dominant 
charmonium-like resonance X c5 , and (c) the resonant state of D-wave S c (2980)°. The blob in (b) and 
(c) shows where the strong decays take place. 



baryon pair can be searched for in B decays and in pp and e + e~ collisions by studying the 
mass spectrum of D^D^ or A C A C . However, an initial investigation of the A C A C spectrum in 
the B — > A C A C K decays by Belle did not reveal any new resonance with a mass near the A C A C 
threshold (see Fig. 3 in version 2 of 0]). Nevertheless, the situation was dramatically changed 
recently. Using initial-state radiation, Belle has reported a near-threshold enhancement in the 
e + e~ — > A+A~ exclusive cross section [3]. With an assumption of a resonance origin for the 
observed peak, called the AT(4630), Belle obtained m = 4634+^ MeV and T = 92^°+*° MeV - 
Interestingly, these values are consistent within errors with the mass and width of the V(4660) 
with J PC = 1 found in ip(2S)7nr decays Q. 

Other possibilities for the enhancement of A C A C K rates include final-state interactions and 
A C K resonances. For the first possibility, the weak decay B — > D^Dg followed by the rescat- 



tering of D^Ds*^ to A C A C K has been considered in [l5|. For the second possibility, BaBar has 



recently studied possible intermediate states in B 
invariant mass distribution 



A r A r K and found a resonance in the A r K 



m 



2931 ± 3 ± 5 MeV , T = 36 ± 7 ± 11 MeV . 



(6) 



This could be interpreted as a single S° resonance. An examination of the S c spectroscopy 
suggests that this resonance can be identified with S c (2980) 



H c (2980) + : 
S c (2980)° : 



2974 ±5 MeV, T 
2974 ±4 MeV, T 



33 ± 8 MeV , 
31 ± 11 MeV. 



(7) 



In this work, we shall consider the A C K resonant contribution to B — >• A C A C ^ from S c (2980) 
to see if it can lead to the anomalously large rate for this decay mode (Fig. [11(c)). Besides, we 
also examine B° — > A+A~ to give a concrete prediction. This paper is organized as follows. 
The formalism is given in Sec. II followed by a numerical analysis. We then give a discussion 
on physical results and conclude the paper in Sec. IV. 
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FIG. 2: (a) B -» H C (2980)A C and (b) B° -> A+A" as proceeding via internal W-emission diagrams. 
In (a), <7</ = du and for B~ and 2?° decays, respectively. 

II. FORMALISM 

The Cabibbo-allowed two-body doubly charmed baryonic B decays B — > H C (2980)A C and 
Cabibbo-suppressed decay B — > A C A C receive contributions from the internal VT-emission (Fig. 
[2]) and weak annihilation. The latter contribution can be safely neglected as it is not only quark- 
mixing but also helicity suppressed. As mentioned in the Introduction, we shall consider the 
A C K resonant contribution to B — > A C A C K from S c (2980) using the narrow width approximation 

B(B -> A C A C J?) = B(B -> S c (2980)A c )i3(S c (2980) -> A C K). (8) 

Since for an energetic charmed baryon its momentum is carried mostly by the charmed quark, 
the two-body doubly charmful baryonic B decays can proceed without a hard gluon. In other 
words, the qq pair (e.g. q'q' in Fig. [2(a) and uu in Fig. EJ^b)) is likely produced from the vacuum 
via the soft nonperturbative interactions so that it carries the vacuum quantum numbers 3 Pq. 
Following [g], we shall consider the possibility that the qq pair is produced via a light meson 
exchange. The qq pair created from soft nonperturbative interactions tends to be soft. To be 
specific, we assume the exchange of the a, n° and 7r~ between the soft qq quark pair and the 
spectator as shown in Fig. [3j It should be stressed that Fig. 3 here differs from Fig. 5 of ^ 
as S c in the latter is a ground-state S- wave cascade charmed baryon, while S c (2980) in the 
former is an excited charmed baryon. Hence, a repeat of the analysis in Q will not provide any 
information on B — > S C (2980)A C . 

To obtain the amplitudes of B~ — > S C (2980)°A~ and B° — > A+A~, we start from the short- 
distance effective Hamiltonian given by 

H eff = ^V^V^O, + c 2 2 ) , (9) 

where 0\ = (cb)(qc) and 2 = (cc)(qb) with q = s for H c (2980)°, q = d for A+ and (qq') = 
g7 M (l — 7 5 )</. We shall use the Wilson coefficients c\ = 1.169 and c 2 = —0.367. The Lagrangian 



B 




c a {h) 

s\k 2 ) 



S r (2980l 



I c\k[) A c 



FIG. 3: B — > H C (2980)A C , where qqzqyq 2 = uddu{udud) for cr, 7r° {n^) exchange in B decays, and 
9Q'3Q , 3"?2 = duud{dudu) for a, tt° (tt^) exchange in B° decays. 



for meson-quark interactions reads 



C 



aqq 



^TT^qq 



g a {uu + dd)a , 
g w o(ui-f 5 u - dij h d)-K° , 



(10) 



where ^ (i = a, tt°, it) is the coupling constant, and g w = V2g w o from isospin symmetry. The 
amplitude of B~ — > S C (2980)°A~ in Fig. [3] thus has the form 



(11) 



In the case of a exchange, the amplitude reads 

x (S c (2980) |c»(0)4(0)^(^)|0)(A;|4(0)4(^Orfy(^)|0)(0|^(^)6;(0)| J B-), (12) 



%A a = ^V cb V; s ( Cl - c 2 ) j d i zd i z\ig„)\a{z)a{z')){-l)T ap T l35 T^T° rf 



with the Latin superscripts denoting the color indices, the Greek subscripts the Dirac indices, 



and z\ 



~2 



Vi = 0, z 3 



z, yi = z 2 



z' in the position space for the constitute 



quarks. The propagator for the a meson exchange is given by 

d 4 p i 



(a(z)a(z')) 



■ip-(z-z') 



mi 



vm a Y a 



(13) 



(2tt)V 

We note that the factor of (—1) in Eq. (Jl2j) comes from quark reordering, T ap = [7^(1 — 75)]^, 



(35 



[7 M (1 - 7s)W from H cS in Eq. ©, and VL, = T 



1 from C aqq in Eq. (TTO 



Note that the relevant Wilson coefficient is (c\ — c 2 ) rather than a 2 = c 2 + ci/3 due to the 
totally antisymmetric color indices in the baryon wave function and in the anti-triplet operator 
(01 — 2 ), which is indeed the case found in the pole model calculation [l7|. 
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To write down the matrix elements in Eq. (fT2"j) that are related to the wave functions of the 
B meson and charmed baryons, we first assign the four-momenta of B~ , H c (2980)°, A c , and 
their constitute quarks as 



B : 



~ c (2980) : P= (p + ,p",0_ 



A, 



P6 = ((i-Opb,(i-Op5.0- 
pi = (&b,&b,Q±) > 

fa = (x!p + ,p~, fax) , 
k 2 = (x 2 p + ,0 ,k 2± ) , 
h = (x 3 p + ,0 ,k 31 _) , 

k[ = (p'+^p' - , k' 1± ) , 
k' 2 = (0 ,x' 2 p'-,k> 2A _), 



(14) 



(0 ,x 3 p'-,k' 3± ) 



where Xi (xQ is the momentum fraction of the quark i in the charmed baryon S c (2980) (A c ), 
and k'i± the corresponding transverse momenta. Note that the light-cone momenta p^ are 
equal to mg in the B rest frame when the light quark masses are neglected. As discussed in 
the Appendix, we will assume that S c (2980) is a first positive-parity excitation with J p = |, 
Li = 2 and Jg = 1, where Li and Ji are the orbital and total angular momenta of the two light 
quarks of H c (2980). In terms of the explicit four-momenta in Eq. fTT4l) . the matrix elements 
involving B~, D-w&ve H c (2980)° and S-wave H c and A c are given by 



(0\u«(z')b a p (0)\B-(p B )) 
(S c (2980) (P)|^(0)s^(0)^(^)|0) 



r abc 



(2980) 



6 



"3 



V3 




(ftK^+fik^ 



2 ~ ~ P^ 

' — k ■ K(Y 

30 v m=/ 



7/3 



(P + ^0\ j 2 



X 



<H2(P) 1^(0)4(0)^^) |0> 



(A C (POI4(0)<(^)^(^)|0> 



x 



[efo] [ci 2 /c±]e lfc3 ' 2 ^ Sc (2980) (xi,x 2 ,x 3 , fcu., fc 2 ±, k 3X ) 

abc £ 

[dx] [d 2 /c ± ]e ifc3 -^ Sc (xi, x 2 , x 3 , fc 1± , fc 2 j_, fc 3 ±) , 



(15) 



6 4 



— ^(^)]4(r-mA C )75C], v 



2_L> ^Jj ' 
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with the decay constants /= c (2980); /a c , the charge conjugation matrix C, and 



i=l 

^d J — — d Jv-^j^d J^2j^d — ^" ^2_l — ^3J_) ' 
fc = \{k2 - h), K = i(fc 2 + fc 3 - 2fcx) , 



(16) 



where A = A — P(P ■ A)jm%, for A = k ot K. Recall that k 2 and &3 are the 4-momenta of 
the two light quarks in S c (2980). The wave functions of H c and A c are taken from 18]. The 
derivation of the structures of the matrix elements involving the D-wave S c (2980) is shown in 
the Appendix. 

The amplitude A a in Eq. ( TT2T) then becomes 



A. a 



F V cb V* s {Ci - C 2 )f B / Hc (2980) /Ac 



18 x 4 3 v/2 
x (27r) 4 5 4 (fc 3 + ^ + ^-p,) 



v/3/3 2 



d£ / [dx}[d 2 k ± ][dx'}[d 2 k' 



X $s(0*H c (2980)(^l, 22, ^3, &1±, &2±, fc3±)*A c (^i, 4, 4> ^i±> 4_L; 4±) 

x ^^[(^b + m B ) 75 ]r CT [(r - m Ac ) 75 qr CT 



c- 1 



2 ~ ~ 

■fc. K( 7 M — 

30 mw 



m=/ ) > r v , 



(17) 



where the delta function 5 A (k 3 + fc 3 + k' 2 — pi) in light-cone is presented as 



1 1 



S\k 3 + k' 3 + k' 2 - Pl ) = -2——6(x 3 



)S( X > 3 + 4 _ ^)5 2 (^ ± + k 3± + k' 3± ) . (18) 



After integrating over the variables with the 8 functions, we are led to 



i^fftWfa - c ^ /-(2980) /A c 2(27r) 4 l(27r) 



i-*p£/p+ dx ^p b /p' dx 



Jo 



P Jo 



dk 2 j_ 



dk 3± 



dk 3± 



2- 



dd 



23 



2tt 



d6 33 > 



X $b(0*S c (2980)(Zi, X 2 , X 3j k 1±J k 2±J /C 3 ±)^A C K, 4> 4> fc l±' fc 5U> fc i 



3_U 



x 



u(a CT + 6^75)^ 



where 



(k 3 + k' 3 ) 2 -ml + im a T 

(^2± — ^3_l) "I 7^H X 2 — X 3J 



(19) 



12 



v/5/3 2 
-12 

V5/3 2 



2 

me/ 



2 „2\ 



ni E > c (m B + m Ac + m 3 > c )(m B + m Ac - m s > c ) , 



77i 2 

(^2_L — ^3_l) "I T^( X 2 ~ X l) 



(20) 
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with 



(') i (') W 
x\ = 1 — x 2 — x 3 , x% = 

fox = -{fox + fox), k[± 



V 

-- k 



"5 x 3 



3±- 



(21) 



Note that #23 and #33/ are the angles of fox and of k' 3± as measured against fox, respectively. 
We can also obtain A n o and A n ± in Eq. (ITTj) by replacing the notation of a in Eq. (fl9j) by 7r° 
and vr* 1 , respectively, a CT and & CT by 



■12 



a^.o(±) 



12 

71> 



2 

(fc 2J _ — fc 3J j H ^( X 2 — 

2 



.9 9 9 , , , 

r ^'E' c { m B + m A c — m E> + m B. / c fTlA c ) , (22) 



and = — rjL/ = — r^°, = IT , = 775. The amplitude of B° — > A+A c is similar to that of 
B — > H C A C studied in jsj except for the CKM matrix element being replaced by V c bV* d , and its 
a a , b a , a n o(±), b w o(±) are given by 



(la 
K 



-4m Ac m B (m B + 2m A J , 

4m Ac (m B - 2m Ac )(m B + 2m A J , 

4m Ac m| , 
-Am Ac m B (m B - 2m A J . 



(23) 



Once the explicit expressions for the wavefunctions § B , \I/s c (2980), ^a c and other parameters 
are given, we are ready to carry out the numerical analysis. 

III. NUMERICAL ANALYSIS 



To proceed with the numerical calculations, we need to specify the relevant wave functions. 
For the B meson, it is given by [3] 



<MO=^£ 2 (l-£ 2 )exp 



H 2 m% 
2 u% 



(24) 



with uj b = 0.38 ± 0.04 GeV, where N B is determined by the normalization 



Jo 



(25) 
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For the charmed baryon, such as D-wave S c (2980) and S'-wave A c , we assume that their wave 
functions have similar expression 20] 



(27T/3 



2^2 



n 

i=l 



exp 



(26) 



with (3 = 0.96 ± 0.04 GeV and m 8 the mass of the constitute quark i, where N& c is given by 
the normalization 



[dx][dk 2 ± ]fy-B c (x h k i± ) = / [dx}N Bc JJx; exp 



i=i 



mf 



2(3 2 Xi 



1 . 



(27) 



For the decay constants, f\ c can be related to the decay constant of the A b by the relation 
/bc^Bc = fk b mK b [211 ]. and we let /s c (2980) — /h c due to the lack of information on the decay 
constant of the D-w&ve charmed baryon. For other input parameters, see Table [Til 



TABLE II: Summary of the input parameters. 



uj b = 0.38 ± 0.04 GeV 


f B = 0.2 GeV 




P = 0.96 ± 0.04 GeV 


/s c (2980) — fs c 




rh s = 0.46 ± 0.06 GeV 


f 3c = 6.2 x 10" 


3 GeV 2 


fh u{d) = 0.26 ± 0.04 GeV 


f Ac = 6.7 x 10" 


3 GeV 2 


^H c (2980) = 2.93 GeV [5] 


T CT = 0.6 GeV 




5^=3.35 [8j 


r> = 7.8 x 10' 


~ 9 GeV 


g n = ^0=4.19 [8] 


IVt = 2.5 x 10 


- 17 GeV 



For the two-body baryonic B decay amplitude given by 

A(B -> B C B;) = u(A + Bj B )v , 



the decay rate reads |22j] 

t(b -> b c b;) 



Pc 



Anm B 



A\ [m B - (raw + m Bc 



(28) 



fi| 2 K-(m B , -m Bc ) 2 ] , (29) 



where p c is the cm. momentum. To obtain the rate for B — > A+A~K, we shall use 
£>(2 C (2980) — > A C K) = 0.5 derived from the 3 P model [23(. The calculated results for 
B — > H C A C , B° — > A+A~ and B — > A^A~K are summarized in Table [Till 
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TABLE III: Branching ratios (in units of 10 -4 ) of doubly charmful two-body and three-body baryonic 
B decays, where the first and second theoretical errors come from (3 and ujb, while the third and 
fourth errors are from rh u ^ and m s , respectively. Use of £>(S C (2980) — > A C K) = 0.5 has been made 
to derive the rate of B — » A C A C K. 





Theory 


BaBar 


Belle 


Average 


B~ - S°A C - 
B° - S+A- 
B~ -» A+A-R- 
B° -> A+A~K° 


in /| +3. 8+0.3+4. 2+0.3 
iu -^-3.6-1.8-3.5-1.3 

q A +4.6+0.4+4.3+0.5 
y -*-2.6-0.8-3.0-0.4 

o fi +1.0+0.8+1.5+0.5 
°-°-1.0-1.0-1.2-0.7 

o o+l. 2+0.8+0.9+0. 2 
J - J -0.9-0.9-l.l-0.6 

n co+0. 23+0. 06+0.26+0 
u - dz -0.11 -0.03-0.15-0 


16 ± 7t 9 4 
3.8 ± 3.1±|;| < 14 
11.4 ±6.4 
3.8 ±3.0 


37 ± 15i 2 g 
24 ± 12±H 
6.5 ±3.7 
7.9 ± 5.2 
0.22l|jJ? < 0.62 


20 ± 6+" 

7.7 ±3.2 
5.2 ±3.0 
< 0.62 



IV. DISCUSSION AND CONCLUSION 



In this work we have studied the doubly charmful two-body and three-body baryonic B 
decays B — > A^A~ and B — > A+A~K. For the former decay, our prediction for its branching 
ratio of order 5 x 10~ 5 (see Table HLT|) is consistent with the extrapolation from B(B° — > H+A~) 
and from B(B° — > A c p) provided that the dynamical suppression of A c p relative to A C A C is taken 
into account. As pointed out before, a naive estimate of the branching ratio O(10~ 8 ) for the 
decay B — > A^A~K is too small by three to four orders of magnitude compared to experiment. 
Previously, it has been shown that a large enhancement for the A^A~K production can occur 
due to a charmonium-like resonance (for example, the X(4630) state discovered by Belle) with 
a mass near the A C A C threshold. Motivated by the BaBar's observation of a resonance in the 
A C K system with a mass of order 2930 MeV, we have studied the contribution to B — > A+A~K 
from the intermediate state S c (2980) which is postulated to be a first positive-parity excited 
D-w&ve charmed baryon state. Assuming that a soft qq quark pair is produced through the a 
and 7r meson exchanges in the configuration for B —>■ H C (2980)A C , it is found that the branching 
ratio of B — > A^A~K is of order 3.5 x 10 -4 . This is in agreement with experiment for A C A C ^°, 
but slightly smaller for A c A c i^~. In conjunction with the previous analysis we conclude that 
the enormously large rate of B — > A+A~K arises from the resonances S c (2980) and X(4630). 

We have also presented updated results for B — > S C A C which are slightly smaller than our 
previous analysis 0] but are consistent with experiment. 
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APPENDIX A: 



It has been conjectured that S c (2980) is likely to be a first positive-parity excitation with 
J p = | + 24]. Denoting the quantum numbers Lk and Lk as the eigenvalues of L\ and L 2 K , 



respectively, the fc-orbital momentum Lk describes relative orbital excitations of the two light 
quarks, and the if-orbital momentum Lk describes orbital excitations of the center of the mass 



of the two light quarks relative to the heavy quark 25| . The first positive-parity excitations are 



those states with Lk + L^ = 2. According to Table IV of 24J, possible antitriplet candidates for 



S c (2980) are S cl (i + ), S' c q(| + ), S" x (| ) and 5' c "(| + ), where the quantum number in the subscript 
labels Ji, the total angular momentum of the two light quarks. (We use a tilde to denote states 
with antisymmetric orbital wave functions (i.e. Lk = Lk = 1) under the interchange of two 
light quarks.) Strong decays of these four states have been studied in j^j using the 3 Po model. 
It turns out that r(5 cl (| + )) « 3.2 MeV is too small and r(S^(| + )) « 148 MeV is too large 
compared to the experimental value of order 30 MeV [see Eq. ([?])], while 5" (| + ) does not 
decay into E c ir and A C K. Therefore, the favored candidate is H"{(~ ) which has L t = 2 and 
Ji = 1. 

We use the light-front approach to obtain the structure of the matrix element for the D-wave 
charmed baryon as shown in Eq. (fT5l) . In the light-front formalism, the charmed baryon bound 
state with the total momentum P, spin J = 1/2 and the angular momentum of the light quark 
oair J = Si + L\ with Si = S2 + S3 and Li = Lk + Lk can be written as (see, for example 



26 



27 



28|) 



|B C (P, {L fc , L K , L h Si, Ji}, J, , J z )) = J {d 3 Pl }{d 3 p 2 }{d 3 p 3 } ^=5 3 (P -p 1 -p 2 -p 3 



x 22 ^{L}( x i' x 2,a;3, k 1± ,k 2 ±,h ± ,\ 1 ,\ 2 ,\3) 

Xi,a,/3,y,a,b 

C abc F}P\c a ( Pl , X 1 )q b f (p 2 , \ 2 )q c f ,( P 3, A 3 )), (Al) 



x 



where a,b,c and /, /' are color and flavor indices, respectively, Ai 5 2,3 denote helicities, p±, p 2 
and p3 are the on-mass-shell light-front momenta, 

2 2 

f : 1 ^ /12\ 2^ I / A r\ \ 

P = [P ,P±) , p± = [P ,P ) , P = t , (A2) 

p+ 
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and 



{d 3 P } 



dp + d 2 p± 



S 3 (P) = S(p + )6\p, 



2(2vr) 3 

c(pi, Ai)g/(p2,A2)g/'(p3,A 3 )^ = ^a 1 (pi) 6 J / a 2 (P2)^ /; a 3 (P3)|0), 
{Vv(p'), &J A (p)} = 2(2vr) 3 5 3 (p' - p) 5 VA 5 g 



(A3) 



The coefficients C abc = e abc /Q and are normalized color factor and flavor coefficient, 

respectively. 



In terms of the light-front relative momentum variables (xj, ki±) for i = 1, 2, 3 defined by 

3 



pf = Xi P + , J^. 

i=l 

3 



P 



(A4) 



i=l 



the momentum-space wave-function can be expressed as 

^ly{xi,kix,Xi) = (n 3 =1 (Ai 17^(0^, fcijL,mi)|si)J (JiSiJis^JiSi, JJ Z ) 

x 4* L^Lk ,lklK x 2, ^3> ^l±j ^2_L, &3±), 



(A5) 



where (#i, x 2 , x 3 , /cu_, fc 2 _i_, fc 3J _) describes the momentum distribution of the constituents in 
the bound state with the subsystem consisting of the particles 2 and 3 in the orbital angular 
momentum (Lk) z = h, (Lk)z = h< state, (JiSi',jiSi\ JiS±; JJ Z ), and so on are Clebsch-Gordan 
coefficients and {Xj\TZ M (xj, k±±, mj)|sj) is the well normalized Melosh transform matrix element. 
Explicitly 



29. 



30|, 



uikj.^upik^Si) _ v(kj, X)v D (kj, Sj) 

2rrii 2rrii 
(mi + x i M )S XlSl ~ iv\ iSi • h± x n 



(A6) 



y/irrii + XiM ) 2 + k 2 ± 

with Mm) and Vm) Dirac spinors in the light-front (instant) form, n = (0, 0, 1), a unit vector in 
the ^-direction, and 



M 2 



,m 2 + k] 



i=i 



X j 



XiM 



XiM , ku 



kizi k-izi k{j_ j 



M = e 1 + e 2 + e 3 , a = J m 2 + k 2 ± + fc? 



XiM m 2 + k 2 



XiM mf + k 2 



i± 



2 Xl M ' lz 



2xiM 
(AT) 
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Note that uo{ki,Si) = u(ki,\i)(\i\H M \si) and, consequently, the state \q(ki, K)) (\i\TZ M \si) 
transforms like \q(ki, Si)) under rotation, i.e. its transformation does not depend on its momen- 
tum. A crucial feature of the light-front formulation of a bound state, such as the one shown 
in Eq. ( 1A1I) . is the frame-independence of the light-front wave function 29|, |3Jj. Namely, the 
hadron can be boosted to any (physical) (P + , P±) without affecting the internal variables (xi, 
k±i) of the wave function, which is certainly not the case in the instant-form formulation. 

In practice it is more convenient to use the covariant form for the Melosh transform matrix 
element 

M 



(Ai|7i] Vf (xi,fcij.,mi)|si)(JiS'i; jis^JiSi, JJ Z ) 



V2(pi-P + miM 



Ai)r j0 - u Bc (-P, J, 



{\ 2 \K\ { (x 2 , k 2± , m 2 )\s 2 ) (X 3 \TZ^ M (x 3 , k 3± , m 3 )\s 3 ) {S 2 S 3 ; s 2 s 3 \S 2 S 3 ; SiSi) 



2M ^2{p 2 ■ P + m 2 M )(p 2 ■ P + m 2 M ) 
with Si = J = 1/2 and 



u{p 2) \ 2 ){? + M ) l5 r Sm v(p 3 , As), (A8) 



00 



1. 



r lr 



1 



75 f{P,m) 



P = P1+P2+P3, 
2 



e"(P,±l) 



P+ 



s ± (±l) = =F(l,±i)/V2 



for states with Ji, Si = or 1, see 
identities will be useful later: 



1 (-Ml + Pl D+ 



P+ 



P + ,Pi 



(A9) 



26 



27| for the derivation the above expressions. The following 



(11; mW|ll; 2m) (12; m"'m\12; In) e^P, m')e v (P, m")e p (P, m'") 

= ~ \ 4 K(^> m ) £ »(P, n)e p (P, m) + e„(P, n)e*(P, m)e p (P, 



20 
"2 
30 



m 



+V ™<(^> ™M^> m >p( p > n) 



el.{P,rn)e v {P,m) 



P P 



(A10) 



where e*(m) = (—) m e(—m) is used in the first identity, and A p is defined as — e* (P, m) [e(P, m) ■ 
A] for later purposes. 

Under the constraint of 1 — Y^h=i x i = Y^i=i(^i)x,y,z = 0, we have the expressions 

'3\ 3/2 d(k 2z ,k 3z ] 



<i>L k L K M K ({z},{k ± }) 



d(x 2 ,x 3 ) 



^L K i K (K } p K ) <p Lk i k (k,p k ), 



¥>Oo(AC, (3) = <p(K, (3), <fl m (K, (3) = K m (p p (K, (3), 



(All) 
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where n m = e(P, m) ■ k, or explicitly « m= ±i = z f( K ±x ± iiz± y ) / y/2, « m =o = k 2 with k XiVjX in the 
rest frame of P, are proportional to the spherical harmonics Y\ m in the momentum space, and 
ip, ip p are the distribution amplitudes of S-wave and P-wave states, respectively, and the factor 
(3/2) 3 / 2 a/ d(k 2z , kaz)/d(x2, Xa) in Eq. (1A1 1[) is a normalization factor. For a Gaussian-like wave 
function, one has 



26, 



28] 



(p(Z, (3) 



7T 

IP 



exp 



K z ~f" 



2/5 2 




p 2 ¥>(«,/?)• 



(A12) 



By using the above equations it is straightforward to obtain 

(II^Ail^^, ki^m^lsi)) (JiSi, jiSxlJiSi, JJ z ){S t Li; s { Zj|SjLi; J t ji) 

x (L k L K ; l k l K \L k L K ; L t li) (S 2 S 3 ; s 2 s 3 \S 2 S 3 ; SiSi) (A13) 

= ==== iZ(pi, Ai)u Bc (P, J*) «(P2, A 2 )(f + Mo)75Cm t (p3, A 3 ) 

4 v /n 4 (p i -P + m i M ) 

for Ji = Si = Li = L k = Lk = and 

{Ui{Xi(W M {x h k i± ,mi)\si)) (JiSi; jis^JiSr, J J z ) (SiLi; sik\SiLi\ J t ji) 

x (LkL/K] lk^K\LkLK] Lilt) (S 2 S 3 ; s 2 s 3 \S 2 S 3 ; Sis{) 
-1 



PkPKy/UIkipi-P + rmMo) 

~3 



V2k lk V2K h 

u{p\Al)l5lnUu {P,J Zl 



x u(p 2l A 2 )(P + Mo) { \/ 2q(^+ W 



2 ~ ~ P M 
30 u M > 



(A14) 
Cw T (p 3 ,A 3 ) 



for = 2, L k = = = 1. Note that the factors of k m = e(P,m) ■ {p 2 — p 3 )/2, and 
K m — e {P, m ) ' ip2 + P3 ~ 2pi)/2 come from the wave function Eq. flAllj) for the L k = Lk = 1 
case. Promoting P — > P and Mo — > M and taking Hermitian conjugation (to change the 
initial state to the final state) we obtain the structure of the matrix element for the 5*-wave 
and P-wave charmed baryons as shown in Eq. (fl~5|) . Note that for simplicity we have taken 
(3 = (3 k = f3 K m Eq. (TTSD. 
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